Northern hybridization and Si nuclease mapping revealed that the amyP gene coding for maltotetraoseforming amylase of Pseudomonas stutzeri MO-19 is transcribed as a monocistronic mRNA of 2.0 kilobases and that the transcription start site is located 81 base pairs upstream from the first nucleotide of the initiation codon. The amyP gene was expressed weakly in Escherichia coli, and transcription started 49 base pairs downstream of the P. stutzeri MO-19 transcription start site. Synthesis of the amylase in P. stutzeri MO-19 was induced by the addition of maltose to the culture medium and was repressed by the addition of glucose. The induction by maltose was shown to be the result of transcriptional induction of the amyP gene. In contrast, glucose did not repress transcription initiation of amyP, indicating that it controls synthesis of the enzyme, probably at the posttranscriptional level.
(,-glucose and 3-maltose). G4-amylase is useful for producing maltotetraose for use as a substrate for amylases in studies on their mode of action and as a highly sensitive substrate for detection of a-amylase when coupled with a chromogenic compound. Maltotetraose is also being tested for use as an additive to improve the texture and moisture retention of foods (19) .
The synthesis of G4-amylase by P. stutzeri NRRL B-3389 was reported to occur in medium containing maltose or starch derivatives and to be inhibited by glucose (14) . However, the mechanism regulating the synthesis was not studied in detail. On the other hand, we showed that expression of the gene (iam) coding for isoamylase (glycogen 6-glucanohydrolase) of Pseudomonas amyloderamosa SB-15 was induced by maltose and was not repressed by glucose. The inducible expression of the iam gene was due to the induction of iam mRNA synthesis (4) . Thus, the two Pseudomonas amylases seem to be regulated in different ways by glucose. The regulation of expression of genes involved in the carbohydrate degradation pathways in pro- caryotes is better understood in Escherichia coli and Bacillus spp. than in Pseudomonas spp. The maltose regulon of E. coli, including the genes coding for ax-amylase and other enzymes involved in maltodextrin metabolism, is induced by maltose or its derivatives. Recently the inducer was shown to be maltotriose (13) . Moreover, glucose represses expression of the maltose regulon, mainly by exclusion of the inducer (17) . On the contrary, in Bacillus species, expression of the a-amylase gene is repressed by glucose and not induced by starch or its breakdown products (11, 15) . Thus * Corresponding author.
the regulation of the syntheses of amylases in these organisms is different from that of isoamylase in P. amyloderamosa.
Recently, Fujita et al. cloned and sequenced the G4-amylase gene (amyP) from P. stutzeri MO-19 and found that amyP was expressed in E.coli cells (5) . To understand the mechanism regulating the synthesis of G4-amylase, in this work we analyzed the size of the transcript of amyP, its transcription initiation site, and the regulation of G4-amylase synthesis by maltose and glucose.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. P. stutzeri MO-19 (5) was obtained from Hayashibara Biochemical Laboratories, Inc. (Okayama, Japan), and cultured in medium consisting of 1% tryptone (Difco Laboratories, Detroit, Mich.), 0.5% yeast extract (Difco), 0.28% K2HPO4, and 0.1% KH2PO4 (pH 7.0) at 30°C (14) . In studies on the synthesis of G4-amylase, maltose (Wako Pure Chemical Industries, Osaka, Japan) or glucose (Wako) was added to the medium at 1% (final concentration). A 429-base-pair (bp) BanII DNA fragment containing the 5'-flanking region of the amyP gene ( Fig. 1) was inserted into the polylinker region of pUC19. This plasmid was designated as pGBN and used for preparation of a probe. E. coli HB101 (10) was used as a host strain for plasmid pGBN and was grown in LB medium (10) supplemented with 50 ,ug of ampicillin per ml at 37°C. pSE86R, which was pUC18 carrying a 2.1-kilobase (kb) Eco47III DNA fragment containing amyP ( Fig. 1) Northern hybridization. Electrophoresis of RNA denatured with glyoxal and dimethylsulfoxide, blotting onto nylon membranes (Pall BioSuport), and hybridization were performed as described previously (10) . A 0.7-kb SmaI DNA fragment containing the coding region of amyP ( Fig. 1) was labeled with [a-32]dCTP (3,000 Ci/mmol, 110 TBq/mmol) by using a random-primed DNA labeling kit from Boehringer GmbH (Mannheim, Federal Republic of Germany) and used as a probe. rRNAs and K phage DNA cleaved by EcoRI and HindIII were denatured with glyoxal and dimethylsulfoxide and used as size standards.
Enzyme assay. G4-amylase activity was assayed by measuring reducing power as described previously (5).
RESULTS
Transcriptional unit of the amyP gene. RNA prepared from exponentially growing P. stutzeri MO-19 in medium containing maltose was separated by electrophoresis on agarose gel and probed with 32P-labeled 0.7-kb SmaI DNA (Fig. 1) by the Northern technique (10) . A single band corresponding to an RNA transcript of approximately 2.0 kb was observed (Fig. 2) .
5'-End mapping of amyP gene transcript. The transcription initiation site of amyP was determined by Si nuclease mapping (1). The 5'-end-labeled probe ( Fig. 1 ) was hybridized with total RNA extracted from cells growing exponentially in medium containing 1% maltose, and Si nuclease was added to the mixture. The Si nuclease-protected products were analyzed by gel electrophoresis (Fig. 3) . The transcription initiation site was located 81 bp upstream of the initiation codon of amyP and was preceded by a potential promoter sequence (-26 region, TCGC; -38 region, GCGG; 1, the transcription start site) (Fig. 3B) , which may be recognized by Pseudomonas RNA polymerase.
E. coli HB101 carrying cloned amyP (pSE86R) produces intracellular G4-amylase (5). We detected a transcript of amyP in E. coli by Si nuclease mapping of RNA prepared from this strain growing exponentially in maltose medium (Fig. 3A) . The same transcript was also detected in cells growing without maltose (data not shown). However, the amount of transcript in E. coli was less than that in P. stutzeri MO-19, and the 5' end of the mRNA found in E. coli was located 32 bp upstream of the initiation codon of amyP (49 bp downstream of the transcription initiation site in P. stutzeri and was preceded by a putative promoter sequence (-6 region, CCGC; -18 region, CCGG; 1, the transcription start site).
3' End of amyP transcript. The transcription termination region estimated from the length of amyP mRNA was located at about bp 1900 (Fig. 4) . This region contains the sequence (TGCGCTT) homologous to box A (TGCTCTT) (12) , which might be involved in transcription termination with NusA protein (3), and several palindromic structures. These structures are found in the regions of transcriptional termination of E. coli and related phages (3, 12) . The transcriptional termination of amyP may be similar to those of genes in E. coli.
G4-amylase activity with glucose or maltose as the carbon source. The levels of G4-amylase in P. stutzeri MO-19 in cultures grown in medium containing glucose and maltose as a carbon source were compared (Fig. 5) . When cells were grown in medium containing glucose, scarcely any G4-amylase activity was detectable. However, G4-amylase was synthesized when the cells were grown in medium containing 1% maltose. These results suggest that synthesis of G4-amylase may be mediated by maltose or its derivative.
Regulation of G4-amylase synthesis. To obtain information on the regulation of G4-amylase synthesis by carbon sources, we measured G4-amylase activity in various culture conditions. G4-amylase synthesis started when 1% maltose was added to exponential-phase cultures. When glucose was added to the cultures 4 h after the addition of maltose, G4-amylase activity was depressed (Fig. 6) . Assay of G4-amylase activity and stability of the enzyme were not affected by glucose (data not shown). These results indicate that the synthesis of G4-amylase was induced by maltose and repressed by glucose. Si analysis was used to ascertain whether the synthesis of G4-amylase is regulated at the level of transcription (Fig. 7) . Si-nuclease resistant DNA that hybridized with amyP mRNA was scarcely detectable in medium containing no carbohydrate, but it increased when maltose was added. Further addition of glucose to the 21 maltose medium did not decrease the amount of amyP _lild mRNA, although the possibility that premature termination of transcription of amyP occurs in the presence of glucose -;~cannot be ruled out. Transcription of amyP mRNA was rather stimulated after the addition of glucose. The mechanism and the reason of stimulation by glucose are unclear. These results suggest that induction of G4-amylase synthesis by maltose occurs at the transcriptional level, but that its repression by glucose occurs probably at the post-transcriptional level. Pseudomonas strains can use a variety of organic compounds as a sole carbon source. The genes encoding enzymes for the degradation of phenolic compounds, such as toluene and xylene, have been studied extensively, but the genes for enzymes involved in the degradation of carbohydrates have not been so well characterized.
In 1971, Robyt and Ackerman reported that the G4-amylase of P. stutzeri was excreted into medium containing soluble starch, maltose, and amylodextrin but not into medium containing glucose (14) . The results reported herein clearly showed that the synthesis of the G4-amylase resulted from induction of amyP mRNA synthesis by maltose. However, glucose repressed G4-amylase synthesis, probably at the posttranscriptional level. At present, the factor(s) involved in regulation of the synthesis is unknown. In Bacillus spp., expression of the ca-amylase gene is induced temporally by limitation of a carbon source without requiring specific compounds and is repressed by the addition of readily metabolizable carbon sources, particularly glucose (11) . Moreover, the induction and repression of a-amylase synthesis both occur at the transcription level (15) . Thus, the regulation of G4-amylase synthesis in P. stutzeri is different from that of Bacillus a-amylase synthesis.
Recently we showed that the synthesis of isoamylase in P. amyloderamosa SB-15 was induced by maltose and was not repressed by glucose. The synthesis clearly corresponded to an increase in transcription of the isoamylase gene (iam) from its own promoter (4) . The induction of amyP by maltose is similar to that of iam and also to that of the maltose regulon of E. coli. The maltose regulon is controlled positively by the product of the malT gene and maltose or its derivative and is repressed by glucose (17) . We found a similar sequence in the maltose box (GGAT/GGA) (17) , targeted by MalT, in the 5'-flanking regions of the amyP gene (GGATGA) (Fig. 3) , although we could not find any positive regulator such as MalT in Pseudomonas spp., and we could not find a maltose box in iam.
We suggested previously that the low level of G4-amylase in E. coli may be due to inefficient recognition of the amyP promoter by E. coli RNA polymerase (5) . Consistent with this suggestion, the transcription efficiency was lower in E. coli than in P. stutzeri (Fig. 3A) . Moreover, the transcription start site of amyP in E. coli was different from that in P. stutzeri. Then we searched for possible promoter sequences in the upstream regions of the amyP transcription start sites in P. stutzeri and E. coli. We could not find the -10 and -35 recognition signal of "70-RNA polymerase of E. coli, but we found sequences for both sites (Fig. 3B ) that were homologous to the consensus sequence of ntrlnif promoters (CTGG---8 bp---TTGC) that are recognized by cr4-RNA polymerase (6, 7), although a putative promoter sequence of iam similar to the consensus sequence was not recognized by or54-RNA polymerase of E. coli (4 tion of amyP in E. coli (Fig. 3, lane 2) correlates with the level of G4-amylase synthesis in E. coli relative to that in Pseudomonas spp. Pseudomonas gene expression in E. coli may need not only RNA polymerase but also some factor(s) interacting with the promoter. For example, xylS, which is the positive regulator gene of the operon (xylDLEGF) for enzymes of xylene-and toluene-degradating pathways in Pseudomonas putida (8) , is recognized by u-54-RNA polymerase of E. coli, and the transcription is stimulated by a xylR product. In E. coli, the xylR gene product may have a role similar to that of the ntrC gene product, which is the activator of ntrlnifgenes (9) . Further studies are required on regulation of gene expression in Pseudomonas spp.
